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SAXSThe RNA chaperone Hfq is a homohexamer protein identiﬁed as an E. coli host factor involved in phage Qβ
replication and it is an important posttranscriptional regulator of several types of RNA, affecting a plethora
of bacterial functions. Although twenty Hfq crystal structures have already been reported in the Protein
Data Bank (PDB), new insights into these protein structures can still be discussed. In this work, the structure
of Hfq from the β-proteobacterium Herbaspirillum seropedicae, a diazotroph associated with economically im-
portant agricultural crops, was determined by X-ray crystallography and small-angle X-ray scattering (SAXS).
Biochemical assays such as exclusion chromatography and RNA-binding by the electrophoretic shift assay
(EMSA) conﬁrmed that the puriﬁed protein is homogeneous and active. The crystal structure revealed a con-
served Sm topology, composed of one N-terminal α-helix followed by ﬁve twisted β-strands, and a novel π-π
stacking intra-subunit interaction of two histidine residues, absent in other Hfq proteins. Moreover, the
calculated ab initio envelope based on small-angle X-ray scattering (SAXS) data agreed with the Hfq crystal
structure, suggesting that the protein has the same folding structure in solution.
© 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Hfq is an RNA chaperone involved in posttranscriptional gene
regulation in many bacterial species. Inactivation of the hfq gene in
Escherichia coli led to a variety of phenotypes, indicating that this
protein is involved in the expression control of several aspects of
bacterial metabolism [1–4]. Hfq has also been implied as an impor-
tant virulence factor in pathogenic bacteria such as Brucella abortus,
Legionella pneumophila, Pseudomonas aeruginosa, Vibrio cholerae and Yer-
sinia enterocolitica [5–8] and appears to be involved in a type of RNA si-
lencing mediated by sRNA (small RNA) in prokaryotes [9]. sRNAs are
noncoding RNAs, usually smaller than 300 nucleotides, involved in
posttranscriptional regulation of a variety of cellular functions. Hfq
regulates gene expression by several mechanisms: a) it can favor
the interaction between regulatory sRNA and its target mRNA, pro-
moting either mRNA stability or degradation depending on the
speciﬁc target; b) it can change the accessibility of the target RNA
to RNAses; c) Hfq binding can promote base pairing between the: +55 41 3266 2042.
vier OA license.regulatory sRNA and the target mRNA, leading to either repression
or activation of translation [10].
This protein is widely distributed and belongs to the Sm and Sm-
like protein family, whose members are able to bind RNA and have
a characteristic fold consisting of an N-terminal α-helix followed by
ﬁve β-strands [11]. Two highly conserved motifs (Sm1 and Sm2) are
shared with human spliceosomal proteins [12]. The crystal structures
of twenty Hfq proteins from nine different organisms were solved by
X-ray crystallography and deposited in the Protein Data Bank (PDB).
All structures are homohexamers except that fromMethanotermobacter
thermoautotrophicum (1MGQ), which crystallized as a homoheptamer.
Of these, six models of Hfq (1KQ2 from Staphylococcus aureus, 3GIB
and 3RER from E. coli, 3HSB and 3AHU from Bacillus subtilis, and 2YLC
from Salmonella typhimurium) are complexed with RNA. Analyses of
S. aureus Hfq structure showed that bound RNA interacts with its prox-
imal face and showed the role of the central pore in RNA-binding [13].
In contrast, the homohexamer distal face of E. coli Hfq is involved in
complexing poly(A)-RNA [13]. The latter binding mode leads to an in-
crease of RNA stability, unlike the uridine rich RNA bound by S. aureus
Hfq [14]. These two structures showed that Hfq can distinguish between
different RNAs. TheHfq-U6 RNA complex from Salmonella thyphimurium
(2YLC) also reveals a distinct RNA conformation due to a preferred
recognition of uridine-rich RNA 3′ end [15]. The recent Hfq65–AU6A–
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AU6A, an internal segment of DsrA sRNA. This structure revealed that
this speciﬁc Hfq substrate interacts simultaneously on the distal and
proximal face [16].
The Hfq sequences from the thermophilic archaeon Methanococcus
janaschii (2QTX) and the cyanobacteria Synechocystis sp. PCC 6803
(3HFO) and Anabaena PCC 7120 (3HFN) are less conserved. The Hfq
structure from M. janaschii has the most particular features: short α-
helix, small diameter, larger negatively charged distal face and a distinct
structure of the L4 loop and C-terminus compared with other bacterial
Hfqs [17]. In spite of these differences, the Sm fold and protein function
are conserved. Hfq proteins from the cyanobacteria Synechocystis sp.
PCC 6803 and Anabaena PCC 7120 bind weakly to E. coli RNAs known
to interact with Hfq, presumably because of an unusual RNA-binding
site and surface charge differences in the binding pocket [18]. Com-
parison of the crystal structures of P. aeruginosa wild type Hfq and
a mutant protein in the histidine of the conserved motif YKHAI
(3INZ and 3M4G) [19] showed the importance of intermonomer hy-
drogen bonds. Another Hfq structural feature is the non-conserved
C-terminal. This ﬂexible extension was reported to be not essential
for riboregulation [20]. Recently, the importance of this region for
the interaction with longer RNA fragments as well as the ﬁrst struc-
ture information about this disordered region in solution by small-
angle X-ray scattering (SAXS) was reported [21].A
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Fig. 1. (Panel A) Gel ﬁltration chromatography on Superose12 HR 10/30. The arrow indica
weight (square). Standard proteins (closed circles) were α-amylase (200 kDa), alcohol d
(29 kDa) and cytochrome C (12.4 kDa). The Hfq MW was calculated as 54 kDa. Right inser
1: puriﬁed Hfq. Proteins were Coomassie blue stained (15 μg). (Panel B) Hfq RNA binding act
RNA band-shift assay was carried out as described in Material and Methods.Thus, additional Hfq structures are necessary to provide details
about its chaperone mechanism as well as protein–protein interac-
tions. In this work we report the crystal structure of Hfq from
H. seropedicae at 2.6 Å resolution as well as structural aspects of
the protein in solution.
2. Materials and methods
2.1. Cloning of the H. seropedicae hfq gene
The hfq gene was ampliﬁed from H. seropedicae strain SmR1 (Z78,
SmR) genomic DNA using the primers NdeI-hfq (5′-CACCGGAGCTCA-
TATGAGCAAC-3′) and HindIII-hfq (5′-GGCGTCAAGCTTGCCAGGTAG-3′)
which introduced restriction sites (underlined) to allow cloning. The
280 bp DNA fragment was cloned into the vector pCR2.1 and then
digested with NdeI and HindIII. This DNA fragment was subcloned into
pT7-7 yielding the plasmid pKADO1.
2.2. Expression, puriﬁcation and characterization of the Hfq protein
Hfq was expressed in E. coli BL21 (DE3) carrying plasmid pKADO1
upon induction with 1 mM isopropyl β-D-thiogalactopyranoside
(IPTG) for 3 h at 37 °C. The puriﬁcation procedure was based on those
described [22,23] with modiﬁcations. Cells were lysed by sonicationHfq
0.1 0.2 0.5 1.0
tes the Hfq peak elution. Left insert: calibration curve for determining Hfq molecular
ehydrogenase (150 kDa), bovine serum albumin (BSA) (66 kDa), carbonic anhydrase
t: SDS-PAGE proﬁle of puriﬁed Hfq. Lane M: molecular weight standards (kDa). Lane
ivity. 50 nM DsrA sRNAwas incubated with the indicated amount (μM) of Hfq hexamer.
Table 1
Data collection and reﬁnement statistics.
PDB code 3SB2
Data statistics
Space group P21
Unit cell dimensions a=59.64, b=65.32, c=60.99 Å, β=105.5°
Asymmetric unit content One homohexamer
Wavelength (Å) 1.54 (rotating anode)
Resolution range (Å) 66.00–2.63 (2.70–2.63)
No. of unique reﬂections 13212 (977)
Redundancy 6.02 (5.78)
Completeness (%) 97.2 (94.9)
I/σ(I) 29.21 (6.52)
Rsym (%) 4.5 (30.5)
R-meas(%) 4.9 (33.5)
Mosaicity (°) 0.402
Wilson B factor (A2) 59.9
Reﬁnement statistics
Resolution range (Å) 23.47–2.63
Rwork (%) 0.20
Rfree (%) 0.28
RMSD bond distances (Å) 0.002
RMSD bond angles (°) 0.541
Protein atoms 3024
Water molecules 210
Average B factor (protein) (A2) 57.1
Average B factor (water) (A2) 48.6
Residues in Ramachandran plot regions (%)
Most favored 85.5
Additionally allowed 12.8
Generously allowed 1.4
Disallowed 0.3
Ramachandran statistics were calculated with PROCHEK [33].
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Tris–HCl pH 8.0, 1 M NaCl, 250 mM MgCl2, 5 mM EDTA and 0.1 mM
PMSF. After clariﬁcation (20 min, 14,000 g, 4 °C), the protein extract
was incubated for 15 min at 80 °C. The protein precipitate was removed
by centrifugation (40 min, 14,000 g, 4 °C) before adding (NH4)2SO4
(1.7 M ﬁnal concentration). Protein solution was loaded onto a 1 mL
Butyl-Sepharose column (GE Healthcare) equilibrated with 1 M NaCl,
1.5 M (NH4)2SO4 and 50 mM Tris–HCl pH 8.0. Elution was performed
by decreasing the concentration of (NH4)2SO4 (1.5 to 0 M) and NaCl
(1.0 to 0.1 M). Fractions containing Hfq were pooled, dialyzed against
buffer A (50 mM Tris–HCl pH 8.0 with 100 mM NaCl) with 0.1 mM
PMSF and then loaded onto a 40 mL DEAE-Sepharose column (GE
HealthCare). The ﬂow-through fraction containing Hfq was concentrat-
ed by ultraﬁltration (Centricon 5 K, Millipore). Protein molecular mass
and homogeneity were determined by gel ﬁltration chromatography
on Superose12 HR 10/30 column (GE HealthCare) equilibrated with
buffer A.
2.3. Protein analyses
Proteins were analyzed by Tricine–SDS-PAGE [24] and Coomassie
Brilliant Blue R-250 staining. Densitometric analyses were performed
using a Personal Densitometer SI (Molecular Dynamics). Protein con-
centrations were determined as described [25] using bovine serum
albumin as standard. The concentration of Hfq was determined by
considering it a hexamer. The expressed Hfq was conﬁrmed by mass
spectrometry using tryptic digestion [26].
2.4. Electrophoretic mobility shift assay (EMSA)
The DNA template pUCT7DsrA was linearized with DraI prior to
run-off in vitro transcription [27]. The RNA produced was analyzed
by 2% agarose gel electrophoresis and the concentration was deter-
mined with the Qubit Quant-iT RNA Assay Kit (Invitrogen). The RNA-
binding reaction was performed as described [27]. Gels were stained
with SYBR Gold (Invitrogen) and images registered using a Biochemi
bioimaging system (UVP).
2.5. Protein crystallization, data collection and structure analyses
Initial crystallization trials were performed by the sitting drop
vapor method diffusion at two protein concentrations (13.0 and
6.5 mgmL−1) on a Honeybee 963 robot (Genomic Solution®) using
544 different conditions [Crystal Screen, Crystal Screen 2 and SaltRx
(Hampton), Wizard I, Wizard II and Precipitant Synergy (Emerald Bio-
systems) and PACT and JCSG (Nextal/Qiagen) kits]. For each condition,
0.5 μL of protein solution was mixed with 0.5 μL of the crystallization
solution and equilibrated against 80 μL of the latter. Plates were
placed at 18 °C and monitored. Hfq was crystallized in ﬁfteen condi-
tions with polyethylene glycol (PEG) as a common precipitant. Crys-
tals were formed in a few days and all of them diffracted, although
only one at 2.6 Å resolution [grown in 0.1 M PCB (sodium propio-
nate, sodium cacodylate, BIS-TRIS propane) at pH 7.0 and 25% (w/v)
PEG 1500, condition number 16 of PACT]. After cryosoaking with
crystallization solution containing 5% (v/v) glycerol, the crystal was
mounted in a loop and ﬂash-frozen within a continuous stream of
gaseous nitrogen at 100 K. X-ray diffraction data were collected
with a Rigaku UltraX-18HF diffractometer equipped with a Mar345
detector using a 2 min exposure time per frame at LNLS (Brazilian
Synchrotron Light Laboratory). 304 images with an oscillation angle
of 1° were integrated, scaled and merged with the XDS package [28].
Initial phases were calculated using the Phaser program [29] with the
E. coli Hfq (PDB code 1HK9) hexamer edited by the program Chainsaw
[30] as template. The model was adjusted manually with Coot [31]
and submitted to reﬁnement using the programPHENIX [32] for several
cycles. The model quality was checked using the PROCHECK program[33] and the molprobity webserver [34]. Structure factors and coordi-
nates have been deposited in the PDB with ID 3SB2.
2.6. Small-angle X-ray scattering and low resolution model building
The Hfq small-angle X-ray scattering data were collected using the
SAXS2 beamline (wavelength, 1.488 Å) at LNLS using a 2D detector
(MAR-165). The experiments were performed at 25 °C with a detec-
tor to a sample distance of 1534.5 mm and a total exposure time for
each scattering pattern of 10 min in 5 frames of 2 min each. Two pro-
tein concentrations were tested (0.90 and 4.35 mg/mL). The lower
protein concentration was used since a good signal-to-noise ratio
from SAXS data measurements, and a non-aggregate pattern was ob-
served. Data were scaled for beamline intensity variations and com-
pensated for the buffer A background scattering with the program
FIT2D [35]. The pair-distance distribution function and radius of gyra-
tion were calculated with the program GNOM [36] using a maximum
diameter of 80 Å. The experimental molecular weight was determined
with the program SAXS MoW [37]. Twenty low resolution envelope
models were generated with the program GASBOR [38] using an im-
posed six-fold symmetry and averaged with the program DAMAVER
[39]. The superposition of the low resolution and crystallographic
models was performed by the program SUPERCOMB [40]. The maxi-
mum distance and radius of gyration of the models were calculated by
the program CRYSOL 2.6 [41].
3. Results
3.1. Puriﬁcation and RNA-binding activity of Hfq from H. seropedicae
Upon expression in E. coli BL21 (DE3), about 90% of the expressed
Hfq protein (79 amino acid residues and a molecular weight of
8.8 kDa) was found to be soluble, and a yield of 7.4 mg Hfq per L of
culture was obtained (99% purity). Hfq identity was conﬁrmed by
β3
C
N
90°
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Loop4
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90°
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H. seropedicae (3SB2) E. coli (1HK9)
Fig. 2. The crystallographic model of H. seropedicae Hfq at 2.6 Å resolution. (A) Different Hfq crystal packing proﬁle represented by 3SB2 and 1HK9. (B) Overall Hfq structure. Mono-
mer A is colored according to secondary structure. (C) The Hfq monomer A with histidines 20 and 36 highlighted in blue. Figures were prepared with Coot [31] and Pymol [42].
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with m/z ratios of 1484.464, 1567.480, 1612.540 and 1902.537 were
found to correspond to Hfq residues 5–17, 5–18, 19–32 and 33–48
(coverage of 37%). The gel-ﬁltration elution proﬁle showed one sym-
metrical peak corresponding to 54 kDa, indicating H. seropedicae Hfq
as a homohexamer (Fig. 1A). The puriﬁed Hfq protein was active
showing RNA-binding activity to E. coli DsrA sRNA (Fig. 1B).
3.2. Overall structure determination and description
The dataset indexing was initially accomplished in point group
222 but with some distortion and later it became clear that the true
point group was 2 yet for the former point group. Therefore the hex-
amer was not composed of two structurally equal trimers to account
for the extra symmetry. Molecular replacement and further reﬁne-
ment indicated that the space group was P21, with one homohexamerFig. 3. (A) Loop 4 comparison. The loops are grouped by number of residues and represente
loop. N: N-terminal. C: C-terminal. (B) Amino acid sequence and secondary structure align
highlighted according to red color intensity. Histidine residues are indicated by blue arrows
aeruginosa, 1KQ1 for Staphylococcus aureus, 3HSB for Bacillus subtilis, 3HFN for Anabaena PCC
forMethanotermobacter thermoautotrophicum. The secondary structure alignment is shown b
by ESPript [44]. (C) 2mFo-DFc Fourier map contoured at 1.0 σ around histidine residues 20per asymmetric unity (solvent content 43.3%). The ﬁnal 2.6 Å resolu-
tion structure model converged to R-work and R-free values of 0.20
and 0.28, respectively. The data collection and reﬁnement statistics
are shown in Table 1.
In the crystal packing, two monomers from one hexamer inter-
act with the pore region of other hexamer through its distal face
(Fig. 2A), which allowed the reﬁnement of a longer ordered C-
terminus for one of them (Fig. 2B).
Hfq from H. seropedicae has a classic hexameric ring shape (major
diameter of 72 and minor diameter of 64 Å) showing, in the crystal
structure, a slightly distorted round shape (Fig. 2B). The ring thick-
ness is 34 Å with the central pore having a maximum diameter of
13 Å. The ﬁrst eight residues at the N-terminal and the last fourteen
residues at the C-terminal are disordered.
The conserved Sm topology in each monomer comprises one N-
terminal α-helix (residues 8–19) followed by ﬁve twisted β-strandsd as sticks colored by atom type. Dashed lines represent interactions that stabilize the
ment of the Hfq structures available in the PDB. Conserved amino acids are boxed and
. Crystal structure deposition codes are 1HK9 for Escherichia coli, 1U1S for Pseudomonas
7120, 3HFO for Synechocystis sp. PCC 6803, 2QTX forMethanococcus janaschii and 1MGQ
elow the sequence alignment. The sequences were aligned by ClustalW [43] and drawn
and 36.
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idues 52–56; β5, residues 61–65) (Fig. 2C). The longest β-strand (2)
forms an arch and passes between the β1 and β3 strands. This topol-
ogy is present in all available Hfq structures. A hydrophobic core
formed by the ﬁve β-strands is capped by the α-helix (Fig. 2B). Five
loops connect the secondary structure elements and vary in amino
acid sequence, except loop 5. This loop links the β4 and β5 strands
whose highly conserved motif YKHAI contributes to the central pore
formation in the quaternary structure (Fig. 2B). On the other hand,
the Asn49 residue in the variable loop 4 is in a non-conventional con-
formation according to the Ramachandran plot. This conformation is
maintained by a hydrogen bond between the Asn49 amide and the
Val51 carbonyl groups (Fig. 3A).
H. seropedicae Hfq crystal structure also revealed interaction be-
tween the His20 and His36 residue side chains that is absent in the
other available Hfq structures (Fig. 3B). These residues located in
loop 1 and in the β2 strand, respectively, interact through π-π stack-
ing and could further stabilize Hfq conformation (Fig. 3C).3.3. Hfq low resolution structure by small-angle X-ray scattering
SAXS experiments were performed to characterize Hfq in solu-
tion. The scattering curve proﬁle with appropriate corrections was
obtained at low protein concentration (0.9 mg/mL) (Fig. 4A). The
calculated radius of gyration (Rg), obtained through Guinier analysis
of the scattering data, andmaximumdistance (Dmax), obtainedwith
the pair-distance function (p(r)), were 2.68±0.01 nm and 8 nm,A
90
B
Fig. 4. Small-angle X-ray scattering curve for Hfq. (A) Experimental data (gray circles) over
bution function. (B) Average ab initio low resolution envelope (gray) superimposed on therespectively. Dmax is in agreement with the crystal structure; how-
ever, Rg shows some difference due to a poor ﬁt of the experimental
X-ray scattering curve to the predicted crystal structure curve,
which leads to a discrepancy of 5.31. This discrepancy may reﬂect
the lack of structural information of the disordered residues at C
and N-terminuses and their orientations, as the small “hat” observed
on the top of the SAXS envelope. A molecular weight of 55.1 kDa was
estimated based upon the SAXS curve relative scale method [37], in
agreement with both gel ﬁltration assay and crystal structure.
The best ab initio models were obtained with the imposition of
six-fold symmetry constrains into the DAMMIN program calculations.
Twenty models were generated with a low discrepancy indicated by
the small NSD (normalized spatial discrepancy) of 0.6. The calculated
model curve ﬁtted well the experimental X-ray curve with an ob-
served χ value of 1.43. Both structures (X-ray and SAXS) were super-
posed, thus showing an adequate match (Fig. 4B).4. Discussion
H. seropedicae Hfq was puriﬁed using three steps including a
heat treatment which improve puriﬁcation without affecting its
activity as shown by the sRNA binding assay. High purity and yield
were obtained allowing its crystallization. Hfq crystallized within a
few days in several screening conditions. The crystal structure
showed the conserved Sm fold observed in all available Hfq struc-
tures. Analyses of the structure revealed two interesting character-
istics. First, two histidines exclusive to H. seropedicae Hfq were°
layed on crystal structure predicted curve (solid line). Upper inset, the distance distri-
X-ray crystal structure (red). The ﬁgure was prepared with Pymol [42].
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loop 4, which contains three residues with one (Asn49) in a non-
conventional conformation. This residue is conserved in E.coli (PDB
codes: 1HK9 and 3GIB) and P. aeruginosa (PDB code: 1U1T) Hfq and is
also in a non-conventional conformation, suggesting the importance
of such conformation for Hfq activity/stability. These proteins have
high structural similarity including a loop 4 with three residues, in
contrast to other Hfq proteins which have four residues in loop 4.
The crystal packing was also analysed. Amongst the structures
available in the PDB, there are two different packing proﬁles (Fig. 2A).
The ﬁrst involves the stacking of hexamer faces to form layers whereas
the second involves the interaction of one hexamer pore region with
the border region of another hexamer, as in the crystals of Hfq from
H. seropedicae and P. aeruginosa. SAXS measurements conﬁrmed Hfq
as a ring shaped protein with a maximum dimension of 80 Å and Rg
of 26.8±0.10 Å. Moreover, the molecular weight (55.1 kDa) estimated
by the SAXS curve is in a good agreement with a hexameric structure.
5. Conclusions
This study describes the ﬁrst Hfq structure from a non-pathogenic
Gram negative diazotrophic bacterium of agronomic interest, and dis-
cusses two different conformations of loop 4 observed in Hfq crystal-
lographic structures suggesting an importance for protein function.
Furthermore, two histidine residues that occur only in H. seropedicae
Hfq form a π-π stacking interaction. The structural envelope in solu-
tion suggests that the crystallographic folding is maintained.
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